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ABSTRACT 

We present an analysis of the period- ^-amplitude plane for RRO Lyrae stars (fun- 
damental mode pulsators) with "normal" light curves in the bulge using the MACHO 
bulge fields. Although bulge globular clusters have RR Lyraes that divide in to two rea- 



sonab le distinct groups according to the average period of the RRO Lyraes (jOosterhoff 



1939), there is no evidence of a gap between Oosterhoff I and II stars in the bulge field 
star sample. The majority of the bulge RRO Lyrae field star population have a difference 
in period compared to the Oosterhoff I cluster M3 (AlogP) that is shifted by about 0.02 
days with regard to the Milky Way Oosterhoff I population, and the sample includes 
stars with AlogP > 0.06 days, a characteristic hardly seen in Milky Way globular clus- 
ters. The metal-rich RRO Lyrae stars in the Galactic bulge sample have AlogP values 
on the other side of the spectrum as those in the metal-rich globular clusters NGC 6388 
and NGC 6441. We find that the ^-amplitude for a given pe riod is a function of AlogP , 



and not of metal abundance, similar to the result found bv lClement fc Sheltonl (|1999l ) 
for RR Lyrae stars in Milky Way globular clusters. A comparative study of the bulge 
field stars with similar metallicities but different Oosterhoff types is carried out. Bulge 
field RRO Lyrae variables with AlogP values similar to Oosterhoff II clusters are about 
0.2 mag brighter than RRO Lyrae variables with AlogP similar to Oosterhoff I clusters. 
Reliance upon a sing le M^ R -[Fe/H] relation may be inappropriate when considering 
populations with different AlogP. 

Subject headings: surveys — stars: abundances, distances, Population II — Galaxy: 
center 



1. Introduction 



RR Lyrae stars are the most popular distance indicators for old, low mass stars (see, e.g., 
Carretta et al.1 120001 : IWalkerl l2000l ) . The knowledge of their absolute magnitude and its possible 
dependence on metallicity allows the determination of basic astronomical parameters such as dis- 
tance to the galactic center and Local Group galaxies, as well as distances and ages of the Milky 
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Way globular clusters. These have a connection with the Hubble constant and with the conditions 
of the Milky Way's Galaxy formation. 



It was shown by lOosterhoffl (|1939l ) that globular clusters (GCs) divide into two groups, based 
on the pulsational properties of their fundamental mode pulsating RRO Lyrae stars. Later it was 
found that these groups could also be separated by metallicity. The Oosterhoff I (Ool) type GCs 
have an average RRO Lyrae pulsational period of 0.55 days and metallicities that are more metal rich 
than —1.5 dex. The Oosterhoff II (OoII) type GCs have an average RRO Lyrae pulsational period 
of 0.65 days and are more metal poor than —1.5 dex. There is a gap at the two period groups 
separated by a mean period ratio of log 0.65/0.55 = 0.073. This is now termed the Oosterhoff 
dichotomy. No physical reason for this dichotomy in periods is known to date, but a diff erence in 
mean luminosity between the two groups of about 0.2 mag could explain the observations (jSandage 
2006). Temperature differences alone be tween the two Oosterhoff period groups are not sufficient 
to account for this luminosity difference (jSandagdll958l ). 



It has long been customary to express the luminosities of RR Lyrae variables by 

My = a + [Fe/H] b. 



(1) 



However, there has been much dispute as to the values of a and b. The question of the linearity of 
the equation is also now being investigated. The evidence for non-linearity is from (a) theoretical 
models of the horizontal-branch (HB) (both at zero age and in an evolved state), (b) the pulsation 
equation using the observed input parameters of mass- [Fe /H] and log T e (fr om colors) as functions 
of me tallicity relations, (c) and from semiempirical use of observational data (jSandage &: Tammann 
2006). For example, Bono, Caputo, & Di Criscienzo (2007) use RR Lyrae in the Milky Way show 
the nonlinearity (see their Fig. 16) over the entire range of [Fe/H] from to —2.5 dex. 

The derived zero points of the nonlinear My R — [Fe/H] relation depends on the investigations 
and methods used. Some lead to the so-called long RR Lyrae scale that gives (My) ~ +0.52 at 
[Fe /H] = —1.5 dex and some lead to the short scale that gives (My) ~ +0.72 at [Fe /H] = —1.5 dex. 
Gaining an understanding of the Oosterhoff dichotomy will likely aid in understanding the absolute 
magnitude calibration of RR Lyrae stars. In this paper we look at the Oosterhoff properties of 
bulge field stars and present evidence that even nonlinear [Fe/H] relations cannot fully account for 
finding their absolute magnitudes. 

Adding to the Oosterhoff puzzle, Local Group Dwarf spheroidal galaxies (dSph) and LMC 
globular clusters have RRO Lyrae variables with properties that fill the gap in a plot of [Fe/H ] versu s 
fundamental mode period as illustrated by ISiegel et al.l (|2000l ) , IPritzll (120041 ) and ICatelanl (|2005l ) . 
Studying the Oosterhoff properties of GCs in both our Galaxy and those belonging to the dwarf 
companions of the Milky Way aid in identifying the building blocks of the Galactic halo. Identifying 
the origin of the Oosterhoff dichotomy is h e nce h elpful in exploring the formation of the Milky Way 
galaxy. For example, if the ISearle Zinnl (|1978l ) Galaxy formation scenario (hierarchical merging 
and continual accretion of lower mass protogalactic fragment formation scenario) is dominant, then 
one would imagine that the RR Lyrae variables in the Local Group dSph's and the RR Lyrae 
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variables in the LMC globular clusters would have similar properties to that of the Milky Way RR 
Lyrae stars (see, e.g., Catelan 2007). 



One explanation for the Oosterhoff dichotomy was put forth by Ivan Albada &; Bakerl (|197ll ) , 
They suggested that the evolutionary scenario of RR Lyrae in Ool and OoII clusters differs. The 
horizontal-branch (HB) stars in the intermediate metallicity Ool clusters begin their lives near 
the instability strip. As they evolve they increase their temperature, and hence fundamental pul- 
sating RRO Lyrae would develop into first-overtone RR1 variables. In contrast, the horizontal- 
branch stars in the more metal-poor OoII clusters approach the instability strip from a different 
direction that those in the intermediate metallicity clusters. They begin their lives at higher tem- 
peratures and evolve to low er temperatures. The existence of an hysteresis zone is suggested by 



van Albada &: Bakerl (|197ll ). so that depending on the direction of evolution, mode switching is 
delayed and occurs at different temperatures. Using convective pulsating models as well as obser- 
vations of horizontal-branch stars in two different Oosterhoff GCs, Bono, Caputo & Marconi (1995) 
were able to show that the transition between RRO and RR1 RR Lyrae supports the hysteresis 
mechanism. 



The Ivan Albada Bakerl (|197ll ) explanation thus suggests (1) Ool clusters are evolving red to 
blue and OoII clusters the other way, (2) that Ool clusters have a smaller fraction of RR1 variables 
than OoII clusters, and (3) that metallicity is the dominant characteristic that determines where 
on the horizontal-branch core helium burning begins. However, this explanation does not explain 
the ab sence of a dichotomy in other galaxies unless the range in metallicity in each galaxy is very 
small (|Lee fc Carneylll999l ). 



Ultimately, the issue of the second parameter problem in the horizontal-branch morphology 
could potentially account for the Oosterhoff dichotomy. Bluer and more extended HBs exist in the 
more metal-poor clusters while metal-rich ones have more of a red clump (Lee, Demarque, & Zinn 
1990). Yet as this is not always the case, there must be another factor, the second parameter, which 
affects HB morphology. Two poss ibilities of this second par ameter could be helium enrichment 
through a variety of mechanisms (jSweigart &: Catelanl Il998l ) and age. Now with the discovery 
of metal-rich bulg e GCs that do not follow the period-metallicity trends of the other two groups 



(jPritzl et al.ll200ll ). the second parameter issue is of considerable importance to understand these 



"Oosterhoff III" GCs. 

The Oosterhoff dichotomy was first seen in GCs, but there has been quite a bit of interest to 
see how field RR Lyrae stars pertain to the Oosterhoff dichotomy. Recently using RRO Lyrae stars 
in the LONEOS-I, SDSS-II Supernova Survey and All Sky Automated Survey ( ASAS) two distinct 



2008 



Ool and OoII components were fo und by examining the RR Lyrae period shift (jMiceli et ai- 
de Lee!l2008l : ISzczvdel et"aD bood ). The LONEOS-1 survey covers 1430 deg 2 to a distance of 30 



kpc and traces the ecliptic. The SDSS-II Supernova Survey covers a 2.5° equatorial stripe ranging 
from —60 to +60 degrees in RA, and covers a distance of 3 to 95 kpc from the sun. ASAS surveys 
the southern sky up to 5 = +28 and reaches to distance of ~ 5 kpc. 



- 4 - 



In contrast, the QUEST-I RR Lyrae (jvivas et alJboO-j ) and the NSVS RR Lyae (jKinemuchi et al 



2006) did not show a clear OoII component. The NSVS survey was recently shown to have incor- 



rect ^-amplitudes, w hich concealed the presence of two Oosterhoff components in their sample 
(jSzczvgiel et al.ll2009l ). The NSVS survey spans a region of 5 kpc from the Sun and primarily 
covers the entire northern sky. The QUEST RR Lyrae survey covers 380 deg 2 to a distance of 55 
kpc, and covers equatorial regions of the sky. We investigate here if the Oosterhoff dichotomy is 
present in the field Galactic bulge RRO Lyrae stars. This region is distinct from the LONEOS-I, 
QUEST, ASAS, SDSS-II and NSVS surveys. Further, this region has metal-rich RR Lyrae stars, 
which, except for the recently discovered "OoIII" clusters mentioned above, are hardly seen in the 
Milky Way Globular Clusters. 



Data 



We consider th e RRO Lyrae stars from the MACHO bulge fiel ds with "normal" l ight c urves 
(jKunder et al.ll2008l ). A "normal" light curve was first described bv lJurcsik 8z Kovacd (|1996l ) who 
used interrelations among the lower order Fourier parameters to derive a set of equations for cal- 
culating Fourier amplitudes and phase differences. A star's light curve is considered "normal" if 
the calculated values for all of these parameters are i n good agreement with t he observed values 
and hence has a low deviation parameter. Since then, iKovacs fc Kanburl (119981 ) have updated the 
deviation para meter analysis, and their va lues for deviation parameters are used in this analysis. 
The stars from lKunder Chaboverl (120081 ) have published photometric [Fe/H] metallicities deter- 
mined from their Fourier decomposition parameters as well as reddening estimates as determined 
from their (V — R) color at minimum U-band light. 

Only "normal" RR Lyrae variables are used because the Period- Amplitude (PAy) plane, which 
is often used to distinguish between Oosterhoff type I and Oosterhoff type II globular clusters, be- 
comes contaminated by Blazhko variables. Blazhko variables are RR Lyrae stars with non-repeating 
light curves, and hence their amplitudes vary over timescales longer than the basic pulsation period. 
If not identified, they introduce scatter into the PAy diagram. Using those stars with "normal" 
light curves significantly reduces a major contributor of contamination in the PAy diagram. 

To further asses the quality of the light curves, all the "normal" light curves were visually 
inspected and the stars with the most high quality light curves were selected. Stars that exhibit 
the Blazhko effect have especially notable scatter at the height of maximum of their light curves, 
and hence, we particularly checked that the scatter around maximum light was minimal, or at least 
consistent with the scatter of the light curve. This resulted in a sample of 1323 high quality light 
curves. Examples of three typical high quality and three typical standard light curves are shown 
in the left and right panels of Figure [TJ 



We now discuss the reliability of a MACHO RR Lyrae stars' period and U-amplitude measure- 
ment; hence the reliability of a MACHO RR Lyrae's location on a PAy diagram can be assessed. 
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An RRO Lyrae stars' period is perhaps the most well determined parameter, especially within the 8 
year MACHO dataset. Prom internal MACHO comparisons, the error in period is ap = 0.000054 d 



(|Minnitilll996h 



The observed ^-amplitude of the RR Lyrae stars used in this analysis is found by performing 
an eighth order Fourier decomposition to their light curves. This in contrast to the amplitudes listed 



bv lKunder et al.l (|2008l ) which are derived from a fourth order Fourier decomposition. However, an 
eighth order Fourier fit better represents the minimum and maximum extremes of the RR Lyrae 
light curve, which is used to determine amplitude. The fourth order amplitudes begin to deviate 
from eighth order amplitudes at Ay < 1.0 mag and are on average ~ 0.02 to 0.03 mag larger than 
the 8th order amplitudes. 

A check on the accuracy of the MACHO RRO Lyrae amplitudes is performed by using the 
LMC RRO Lyrae stars in the OGLE-II and MACHO databases. Both surveys list RRO Lyrae 
V^-amplitudes. 

From a sample of 467 OGLE-II and MACHO LMC RRO Lyrae stars, the mean difference 
between the OGLE ^-amplitudes and the MACHO ^-amplitudes is 0.05±0.13 mag, where 0.13 
refers to the dispersion about the mean. The distribution is roughly Gaussian. As the dispersion is 
quite a bit larger than the mean, the MACHO and OGLE ^-amplitudes agree reasonably well with 
each other. There is likely error in the OGLE ^/-amplitudes as well as the MACHO F-amplitudes, 
so the random error in MACHO ^/-amplitude is 0.10 mag, and the zero-point in MACHO V- 
amplitude is up to 0.05 mag. To diminish the random error, much of the analysis is presented in 
the form of averages. 

The MACHO bulge RR Lyrae light curves are of better quality than the MACHO LMC RR 
Lyrae light curves. The LMC RR Lyrae light curves exhibit more scatter than the bulge RR Lyrae 
stars. The LMC RR Lyrae stars are considerably fainter, with an a yerage brightness o f V=19A 



and a mean error of a single point on the light curve is ±0.07 mag (jAlcock et al.lll996l ). This is 
in contrast to the bulge RR Lyrae stars which have magnitudes that peak at V=15 mag (Alcock 
et al. 1997) and the mean error of a single point on the light curve is ± 0.02 mag. As a result, the 
discussion in the previous paragraph likely overestimates the ^/-amplitude error. 



3. Period- Amplitude Plane 



Sandagd (|1982j ) showed that a better parameter for the Oosterhoff classification is not the 



average of all the RRO Lyrae periods but the measurement of, in the period-blue amplitude rela- 
tionship, the difference between the average periods of an M3 RR Lyrae and the observed period 
at a fixed blue amplitude Ab- This is given by 



AlogP = 0.129j4 b + 0.088 - logP '(observed). 



(2) 



Since then, this period shift has also been defined as a function of ^/-amplitude. The least-squares 
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fit to RRO stars in the Ool prototype GC M3 is 

AlogP = -O.UA v - 0.12 - logP '(observed) (3) 
and the least-squares fit to RRO stars in the OoII GC M9 is 

AlogP = -0.20.4y + 0.026 - \ogP (observed) (4) 



(jClement & Sheltonlll999h 



Figure [2] shows the Period- Amplitude (PAy) diagram of the 1323 high quality MACHO bulge 
RRO Lyrae variables in the bottom panel and the 1028 standard M ACHO bulge RR Lyrae in the 



top panel. Overplotted are the lines that IClement &: Sheltonl (|1999l ) derived for Oosterhoff II and 



OosterhofT I RRO stars. In both panels it is clear that the majority of MACHO bulge field RR Lyrae 
do not fall along either of these lines, nor is there a "gap" between these lines. The amplitudes 
would have to be shifted by ~ 0.2 mag for the main locus of stars to follow the Ool line. From the 
above amplitude analysis, it is unlikely for the MACHO V-band amplitudes to be this discrepant. 
There is considerable scatter in this plot, although the main locus of the high quality RR Lyrae 
shows less scatter. The amplitude of light variation for Blazhko stars varies over timescales longer 
than the basic pulsation period and introduce scatter into the PAy diagram if not identified. Since 
only RRO Lyrae stars with "normal" light curves are used here, there should not be many Blazhko 
variables introducing scatter to this plot. Further, only those with no clear indication of the Blazhko 
effect were selected to be part of the high quality MACHO RR Lyrae. This strengths the result 
that their is no gap in the Bulge field RRO Lyrae stars. 

It is notable that the PAy relation for the stars with shorter periods (i.e. Ool characteristics), 
appear to follow a q uadratic relation more than a linear relation. This was also pointed out by 



Cacciari et aJj (|2005l ) with their study of the Ool characteristic M3 RR Lyrae stars. Their quadratic 
PAy relation is not used here because it does not give a solution for the period of an RR Lyrae 
star with an Ay greater than 1.31 mag, and there are RRO Lyrae stars with a V-band amplitude 
greater than 1.31 mag in this sample. As seen in Figure El the main locus of MACHO RR Lyrae 
stars does not fall on this line either. There are ~20 variables with V-band amplitudes greater 
than 1.31 mag in this sample. This again illustrates the differences between the properties of the 
RR Lyrae variables in GCs compared to those located in the Galactic bulge. 



4. AlogP As An Oosterhoff Indicator 



The period shift define d by Equation M AlogP, is usually made between the RRO Lyrae stars i n 
different globular clusters (|Sandagelll98ll ; ISandage et al.lll98ll ; ICarnev et al.lll992l ; ISandagdll993l ). 
This quantity can be used as an Oosterhoff indicator. For example, when finding the period shift 
with respect to the Ool line, a period shift of AlogP = would indicate an Oosterhoff type I 
star, and a period shift of AlogP ~ —0.07 would indicate an Oosterhoff type II star. Those values 
in-between show the degree of deviation of an RR Lyrae star from an Oosterhoff class. 
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Suntzeff, Kinman & Kraft (1991) plot the period shift, AlogP, with respect to the Ool line 
against metallicity using a sample of 171 RRO field stars with spectroscopically determined metal- 
licities. These stars are in the galactocentric distance range 4-30 kpc and are at located from (I, b) 
= (1 to 182°, —18 to +89°). They found a gap at AlogP ~ —0.03, and hence a clear separation 
between field stars of Oosterhoff type I and II. Figure [3] shows the period shifts of the high quality 
MACHO RRO Lyrae stars as a function of their photometric metallicities. There is no evidence of 
a gap. 

It is striking how many RR Lyrae stars in the bulge sample extend to AlogP > 0.05, a property 
not common in RRO Lyrae stars in globular clusters. These stars are on average more metal-rich 
than the rest of the sample, and such metal-rich globular clusters are scarce in the Milky Way. 
The RRO Lyrae stars in the metal-rich globular clusters, NGC 6441 and NGC 6388 (with [Fe/H] ~ 
—0.6) have AlogP values that fall in the OoII region, with AlogP values of ~ —0.09 days (despite 
their high metallicity) . The AlogP values for these variables are plotted in Figure EJ It is clear 
that the metal-rich RR Lyrae field stars in the bulge have quite different AlogP values than that 
of the metal-rich globular cluster RR Lyrae stars. NGC 6388 and NGC 6441 have been found 
to be more consistent with Oosterhoff type II clusters than Oosterhoff type I clusters. However, 
for the metal-rich stars in the Galactic bulge, this is not the case. This strongly suggests that 
the metal-rich RR Lyrae stars in the Galactic bulge may have a different origin than that in the 
metal-rich globular clusters. 

In Figure HI the distribution of the period shift, AlogP, at fixed V-band amplitude from the 
Ool line is shown. Only the RR Lyrae with high quality light curves are used here. However, 
this histogram looks almost identical if all the MACHO bulge stars are used. Also shown are the 
AlogP value from the Ool clusters M3 and M5, as well as the AlogP values from the OoII cluster 
M2 and M9. The bulge RRO Lyrae stars have AlogP distributions that clearly do not coincide with 
either Ool or OoII distributions. This is not surprising, as this was evident in the PA-plane as well. 
The main locus of the distributions are shifted by AlogP ~ 0.02 days relative to the Ool and OoII 
designations. 

Our survey of bulge RR Lyrae stars have found that the stars do not fit into the classic Ool 
and OoII designations (with a period shift of 0.025 days), and indeed there is no evidence for 
an Oosterhoff dichotomy in our work. In con trast, almost all of the recent surveys of field RR 
Lyrae stars, i.e LON EOS (jMiceli et aliboosh . SDSS-II Supernova Survey (|de Lee!l2008h . AS AS 
(jSzczvgiel et al.ll2009l ). have found that the majority of their RR Lyrae AlogP values correspond 
well to the Ool AlogP peak. Moreover, these surveys have also ident ified a displaced secondary 
peak correspon ding to an OoII comp onent. The QUEST-I sample (jVivas et al.1 |2004j) and the 
NSVS sample (IKinemuchi et al.ll2006l ). however, find no gap in their PA-diagram distributions. 
Szczygiel et al.l (120091 ) shows that the NSVS V- amplitudes are incorrect, which had the effect of 
masking the two Oosterhoff components in their sample. THE QUEST RR Lyrae catalog, which 
did not find a Oosterhoff dichotomy in their sample, probes deeper than the LONEOS survey (by 
~25 kpc), and hence would give a more complete picture of the Galactic halo. However, OoII RR 
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Lyrae stars in general are located closer to the Galactic Plane (|Lee fe Carnevlll999l ; Ide Ledl2008l ). 
and hence the depth of the QUEST survey may have the effect of limiting the number of OoII RR 
Lyrae with respect to Ool RR Lyrae. None of these samples probe the Galactic bulge, and are 
located at quite different locations on the sky as the MACHO bulge RRO Lyrae sample. 



4.1. AlogP and ^-amplitude for a given period 



Clement fe Sheltonl (|l999l ) argue that for a given period, the V-amplitude (a fairly good tem- 
perature indicator) for "normal" RRO Lyrae stars does not depend on [Fe/H], but on Oosterhoff 
type. They use seven globular clus ters to come to this conclusion and apply the same compatibility 



test as 



curves. 



Kunder Chaboven (120081 ) to establish which cluster RRO Lyrae stars had peculiar light 



Clement fc Sheltonl (|1999i ) then present evidence that the Oost erhoff type of an RR Lyrae 



star is a function of its evolutionary state. If these arguments hold, IClement &; Sheltonl ([1999) 
discuss the implications on the determination of the ages of globular clusters from RR Lyrae stars. 
We use the Galactic bulge to investigate this notion. 

The RR Lyrae variables are binned in 0.01 day bins and the average [Fe/H] , V-amplitude 
and AlogP of the RR Lyrae in each period bin is found. Figure [5] shows the average Ay in each 
period bin as a function of both [Fe/H] and AlogP. For clarity, only the RRO Lyrae period bins 
with periods less than 0.62 day are shown. It is clear from the bottom panel of Figure [5] that the 
average ^-amplitude in each period bin does not depend on metallicity. In contrast, their is a slope 
in the Ay and AlogP plane for the Ool-like RRO Lyrae stars. This slope is 0.11 ± 0.02 days/mag. 
With the exception for the most metal-rich stars, the stars with shorter periods (P<0.5d) show this 
result as well. Many studies have u sed the position of an RR Lyrae star in the period- ^-amplitude 
diagram to estima te its metallicity (jAlcock et al.lll996l . l2000l : iKinemuchi et al.1120061 : ISandagdl2004l : 
Brown et al.l 120041 ) . Here strong evidence is presented that cautions against using the period and 
V^-amplitude of an RR Lyrae star to estimate its metallicity. A similar analysis cannot be carried 
out with the OoII-like RRO Lyrae stars, because they exhibit a wide range of metallicities with no 
clear function on ^-amplitude for a given period. 



5. AlogP and Luminosity Differences 



Lee &: Carneyl (|1999i ) performed an investigation on the luminosities of RR Lyrae variables 



with similar metallicities but different Oosterhoff classes. They found that RR Lyrae variables in 
the Oosterhoff II cluster M2 are intrinsically brighter than those in Oosterhoff group I cluster M3, 
although these clusters have similar [Fe/H]. Thus at least in this cluster pair, there is a discontinuity 
in the My R -[Fe/H] relation. Here a similar analysis is carried out using first the bulge field RRO 
Lyrae stars and second the local field RRO Lyrae stars. 
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5.1. Bulge Field RRO Lyrae Star Luminosities 

Figure [6] shows the AlogP distributions for the bulge field RRO Lyrae stars with different 
metallicity ranges. The high quality RR Lyrae stars are represented by the dotted lines, and have 
very similar AlogP distributions to the complete sample. Unlike for the most metal-rich RRO Lyrae 
stars in the bulge field RRO Lyrae sample, the most metal-poor RRO Lyrae samples have stars that 
occupy both the Ool and OoII regions as indicated by their AlogP. 

The reddening-free apparent magnitude of the RRO Lyrae variables with high quality light 
curves and photometric metallicities of —1.7 <[Fe/H] < —1.5 is shown in Figure [7] as a function 
of AlogP. The Wesenheit reddening free magnitude, Wo, is used to avoid uncertain reddening 
corrections and is defined as Wo = V — 4.3 ( V — R ), where the factor 4.3 is the selective extinction 



coefficient Rv,vr derived by iKunder et al.l (|2008h . There are 107 stars with metallicities between 



[Fe/H] =—1.5 dex and [Fe/H] =—1.7 dex, and their distribution in the AlogP plane is shown in the 
bottom panel of Figure [H It is striking that this rather metal-poor sample has a AlogP distribution 
with an Ool-like tail. Dividing the RRO Lyrae at— 0.03 AlogP days, the average Wq for the stars 
with AlogP < -0.03 d, or the OoII-like stars, is Wqji = 14.33±0.07 mag. The average Wq for 
the stars with 0.06 j AlogP > -0.03, or the Ool-like stars, is W ,i = 14.58±0.07 mag. No bias 
in location is found for this particular sample o f stars- Wpand AlogP is ey enly distributed as a 



function of Galactic / or b. This is consistent with lKunder &: Chaboverl (|2008l ). in which it is shown 



that for the entire sample of bulge stars, there is no strong evidence of Wo as a function of Galacitic 
I or b. As there is no trend in [Fe/H] as a function of AlogP, this apparent magnitude difference 
shows that there is a discontinuity in the absolute magnitude- [Fe/H] relation for this particular 
sample of stars. 

This same analysis is carried out with the 320 bulge field RRO Lyrae stars that have metallicities 
in the —1.5 <[Fe/H] < —1.3 dex range. Again, only the stars with high quality light curves are 
used. Figure [8] shows how the reddening- free apparent magnitude decreases as the RRO Lyrae stars 
display more Ool-like AlogP values. For this metallicity distribution, there are a handful of stars 
at AlogP > 0.06 days. These stars were shown to have U-band amplitudes that were more similar 
to the Ay found in the OoII-like stars rather than the Ay found in the Ool-like stars. In Figure [8] 
it is evident that their < Wo > become more luminous than those Ool-like stars at AlogP < 0.06 
days. The average Wo for those stars with AlogP < —0.03 days is Woji = 14.44±0.07 mag. The 
average Wo for the stars with AlogP > —0.03 is Woj = 14.56±0.03 mag. Disregarding the stars 
with AlogP > 0.06 days, the average Wq is Wqj= 14.55±0.03 mag. 

The stars with high quality light curves in the —1.3 <[Fe/H] < — 1.1 dex metallicity range show 
similar effects. There are not enough stars in the more metal-rich or more metal-poor metallicity 
ranges to perform such an analysis. Tabled] summarizes these results. When using all the RR Lyrae 
variables and not just those with high quality light curves, the same effect is seen. Further, when all 
the light curves are used, one more metal-rich and one more metal-poor range can be investigated. 
Both of these metallicity ranges show that the OoII-type Bulge stars have brighter reddening-free 



- 10 - 



magnitudes than Ool-type RR Lyrae. This indicates that unless the RRO Lyrae absolute magnitude 
relation includes a period- amplitude term, the relation can lead to uncertainties of up to 0.2 mag 
in absolute magnitude. Furthermore, a quadratic My R -[Fe/H] relation would not correct for this. 



5.2. Local Field RRO Lyrae Star Luminosities 



The previous section suggests that [Fe/H] alone cannot account for absolute magnitudes of 
RR Lyrae variables, and that an RR Lyrae variables position on the PAy diagram may influence 
the abso lute magnitude . How robust this result is for local RR Lyrae stars is also of interest. 
Recently IKovacs I (|2003l ) used the observed y-band, (V — K) colors and radial velocity curves of 
local RR Lyrae stars to compute their luminosity, effective temperature, and radius variations. The 
results of this Baade-Wesselink (BW) analysis is presented in his Table 1. ^-amplitudes from the 
literature are obtained for these same stars, (Sandage 2004, Jones, Carney & Latham 1988, Kunder 
et al.(2008), Lub 19 77) and their AlogP was computed. [Fe/H] values for these stars come from 
Lavden et all dl99d ). 



Bono et al.l ([2003) compiled a list of 36 RRO Lyrae stars (field and GGC) for which accurate 
V and K light curves, reddening and metallicity estimates were known. From these parameters 
and their updated pulsation models, the Mk absolute magni tude was de r ived a nd in turn, the My 
absolute mag nitude. AlogP values for 15 stars listed in the iBono et al.l (|2003l ) table that are not 
present in the IKovacs I (|2003l ) sample are obtained. 



Figure M show s the ab s olute mag nitude of 36 resu lting RR Lyrae stars as a function of 
[Fe/H] and AlogP. IKovacs I (fcood ) and bono et al.l (|2003l ) do not list an error in M^ R , but the 
stand ard methodology of the BW analysis typically results in errors in absolute magnitude of 0.2 
mag (|Liu Janeslll990l ). It is also evident with the local field RR Lyrae stars with AlogP < —0.03 
days, (i.e. the OoII-like stars) have on average brighter absolute magnitudes. 

There is a cluster of seven stars with [Fe/H] of ~ —1.75 dex, and these stars have a range 
in absolute magnitudes of 0.6 mag. This is indication that a second parameter may influence the 
absolute magnitude of an RR Lyrae. It is especially striking that the five RR Lyrae stars with the 
brightest absolute magnitudes, represented in Figure [9] by filled triangles, introduce large scatter 
in the [Fe/H] vs My R plot, but follow the AlogP versus M RR trend reasonably well. These stars 
especially highlight that an RR Lyrae variable's metallicity may not always indicate its absolute 
magnitude. When determining absolute magnitude, the stars' AlogP must be taken into account. 

A least-squares fit to [Fe/H] versus M^ R results in a dispersion about the fit of 0.19, and the 
least-squares fit of AlogP versus M RR results in a dispersion about the fit of 0.13. A simultaneous 
fit of [Fe/H] and AlogP versus absolute magnitude also results in a dispersion about the fit of 0.15. 
The BW stars have AlogP values that are tightly correlated with [Fe/H] and hence it is difficult to 
disentangle the effect of absolute magnitude versus AlogP and [Fe/H]. 
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Although most RR Lyrae variables are found in relatively metal-poor globular clusters, two 
metal-rich GCs, NGC 6388 and NGC 6441, have been found to hos t RR Lyrae varia bles. These 
clusters have very unusual HB morphologies for their metallicities (jRich et al,lll997l ). Although 
NGC 6388 and NGC 6441 have metallicities of [Fe/H] ~ -0.6 dex, which are indicative of Ool 
GCs, their AlogP values fall inline with the OoII GCs, with AlogP ~ —0.09 days. Traditionally, 
their [Fe/H] would indicate that these s tars are intrinsically fainte r than most other RR Lyrae 
variables. However, models introduced by lSweigart fc Catelanl (|1998l ) require that the HBs of these 
clusters be unusually bright for the metal abundances of the clusters. Figure [8] shows that these 
stars should be intrinsically brighter than most RR Lyrae variables, because of their values of 
AlogP. 



6. Conclusion 

Field bulge RRO Lyrae stars are used to search for evidence of the Oosterhoff dichotomy within 
the field population in the Milky Way halo. The period- ^-amplitude plane for the bulge field RRO 
Lyrae stars does not have a locus that matches either the Ool or OoII period- ^-amplitude plane of 
the MW globular clusters. The bulge field RRO Lyrae stars are in general more metal-rich than even 
the Ool-type GCs. Consequently, their main locus is shifted in the same manner as the Ool-type 
GCs is shifted compared to the more metal-poor OoII-type GCs. 

The metal-rich bulge RR Lyrae variables lie on a different period- ^-amplitude plane than the 
metal-rich GC RRO Lyrae stars in NGC 6388 and 6411. The metal-rich GC RRO Lyrae stars have 
PAy properties more similar to the OoII-type GC RRO Lyrae stars, whereas this is reversed for 
the metal-rich bulge RR Lyrae variables. It is unlikely that the metal-rich RR Lyrae stars in the 
Galactic bulge and the metal-rich RR Lyrae stars in NGC 6388 and NGC 6411 come from a similar 
origin. 

Although the period-amplitude relations for Ool and OoII-type GCs use linear forms to deter- 
mine the period shift, AlogP, of a GC, the period- ^-amplitude plane of the thousands of Galactic 
bulge RRO L yrae stars show that a quadratic period- ^-amplitude relation would be a better ap- 



proximation. ICacciari et al.l (|2005l ) found this with RRO Lyrae variables in M3. However, their 
relation does not give a solution for the period of an RR Lyrae star with a ^-amplitude greater 
than 1.31 mag. There are bulge field RRO Lyrae stars with a l^-band amplitude greater than 1.31 
mag. 

The reddening-free apparent magnitude differences between the Ool and OoII-type bulge fiel d 



RR Lyrae stars are discussed. As was found in RRO Lyrae stars in GCs (|Lee h Carney! Il999i ). 
RRO Lyrae variables with OoII-type properties are about 0.2 mag brighter than those with Ool- 
type properties. The differences in the evolutionary stages of the Ool and OoII-type variables are 
probably the cause for this luminosity difference. A quadratic dependence of [Fe/H] - My R would 
not correct this effect. Using local field RR Lyrae stars with absolute magnitude values determined 
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from a Baade-Wesselink analysis, it is shown that AlogP is a better indicator of an RRO Lyrae 
stars' absolute magnitude than [Fe/H]. 
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Table 1: Apparent Magnitude Differences Between Oosterhoff I-like and Oosterhoff II- like bulge RRO Lyrae Field Stars 



Metallicity Bin 




< W ,ii > 


< W ,i > 


< [Fc/H] „ > 


< [Fe/H] j > 


<Pn > 


<Pi > 


< A Vn > 


< A Vl > 


-1.7 <[Fc/H] < 


-1.5 


14.33±0.07 


14.58±0.07 


-1.60±0.01 


-1.58±0.01 


0.62±0.01 


0.53±0.01 


1.02±0.02 


1.04±0.03 


-1.5 <[Fe/H] < 


-1.3 


14.44±0.07 


14.55±0.03 


-1.40±0.01 


-1.37±0.01 


0.62±0.01 


0.52±0.00 


0.95±0.03 


1.04±0.01 


-1.3 <[Fe/H] < 


-1.1 


14.33±0.06 


14.53±0.02 


-1.21±0.01 


-1.21±0.00 


0.63±0.01 


0.53±0.00 


0.84±0.03 


0.98±0.01 
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Phase Phase 



Fig. 1. — Left: Three of the 1323 high quality MACHO bulge light curves. From top to bottom these 
stars are MACHO 101.20909.1342, 110.22316.115 and 403.47909.1408. Right: Three of the 1028 
standard MACHO bulge light curves. From top to bottom these stars are MACHO 104.20388.631, 
104.21164.904 and 109.20114.714. The l^-band magnitudes are plotted as function of phase using 
the periods from the MACHO database. The white lines represent the 8th order Fourier fit to the 
data. The error bars are omitted for clarity. 
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0.4 0.6 0.8 

Period (d) 



Fig. 2. — Top: Period-amplitude relation for the 1028 standard MACHO Bulge RRO Lyrae variables 
with "normal" light curves. Bottom: Same as top panel but with the 1323 stars wi th high quality 
bulge light curves. The straight lines were derived by IClement &: Sheltonl ()1999l ) from a least- 
squares fit to the principal sequence of regular RRO Lyrae sta rs in the Qol cluster M3 and OoII 
cluster M9. The dashed line is a quadratic PAy relation from ICacciari et al.l (|2005l ) derived from 
M3 RRO Lyrae variables. 
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Fig. 3. — AlogP as a function of [Fe/H] for the Bulge field RRO Lyrae stars with high quality 
light curves. The red tria ngles represent RR Lyrae stars in the metal-rich globular cluster NGC 
6441with photometry from lPritzl et al.l (120031). The red circled triangles represent those stars with 
spectroscopic metallicities from IClementini et al.1 (120051 ). 
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Fig. 4. — Bottom: The histogram of AlogP from the high quality light curve RR Lyrae stars with 
respect to the Ool cluster M3. Top: The histogram of RRO Lyrae stars in the Ool globular clusters 
M3 and M5 (dashed), and the OoII clusters M2 and M9 (solid). 
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Fig. 5. — The Bulge RRO Lyrae stars are binned in 0.01 day bins and the average Ay in each 
period bin is plotted as a function of [Fe/H] (bottom) and AlogP (top). 
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Fig. 6. — Period shift distributions for the Bulge RRO Lyrae field stars with different metallicity 
ranges. The dotted lines show the distribution of the RR Lyrae with high quality light curves only. 
The number of these stars in each metallicity range is given by Nh q , where as the total number of 
stars in each metallicity range is given by N. 
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Fig. 7. — Comparison of AlogP vs. the Wo for RRO Lyrae stars with similar [Fe/H] values, bottom: 
Histogram of the distribution of the RRO Lyrae stars with —1.7 <[Fe/H] < —1.5 dex. middle: Plot 
of the individual AlogP values as a function of Wq. top: Here the RRO Lyrae stars are binned in 
0.02 AlogP bins and plotted against average Wq. 
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Fig. 8. — Same as Figured! but for the metallicity distribution —1.5 <[Fc/H] < —1.3 dcx. 
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Fig. 9. — A plot of local field RRO Lyrae stars with My R values derived from a Baade-Wesselink 
analysis, as a functio n of [Fe/H] an d AlogP. The open circles indicate those stars with a Baade- 
Wesselink My R fr om lKovacs I ( 20031 ) and the open triangles indicate those stars with an My R from 



Bono et al.l (|2003l ). The filled triangles highlight those stars with the brightest absolute magnitudes, 
and seem to be the most discrepant in the My R - [Fe/H] plot. 



